The chloroplast outer envelope protein OEP16 forms a cation-selective high conductance channel with permeability to amines and amino acids. The region of OEP16 directly involved in channel formation has been identified by electrophysiological analysis of a selection of reconstituted OEP16 mutants. Because analysis of these mutants depended on the use of recombinant protein, we evaluated the electrophysiological properties of OEP16 isolated directly from pea chloroplasts and of the recombinant protein produced in Escherichia coli. The results show that the basic properties like conductance, selectivity, and open probability of the channel formed by native pea OEP16 are comparable with the channel activity formed by the recombinant source of the protein. Following electrophysiological analysis of OEP16 mutants we found that point mutations and insertion of additional amino acid residues in the region of the putative helix 1 (Glu 73 to Val 91 ) did not change the properties of the OEP16 channel. The only exception was a Cys 71 3 Ser mutation, which led to a loss of the CuCl 2 sensitivity of the channel. Analysis of N-and C-terminal deletion mutants of OEP16 and mutants containing defined shuffled domains indicated that the minimal continuous region of OEP16, which is able to form a channel in liposomes, lies in the first half of the protein between amino acid residues 21 and 93.
The chloroplast outer envelope protein OEP16 forms a cation-selective high conductance channel with permeability to amines and amino acids. The region of OEP16 directly involved in channel formation has been identified by electrophysiological analysis of a selection of reconstituted OEP16 mutants. Because analysis of these mutants depended on the use of recombinant protein, we evaluated the electrophysiological properties of OEP16 isolated directly from pea chloroplasts and of the recombinant protein produced in Escherichia coli. The results show that the basic properties like conductance, selectivity, and open probability of the channel formed by native pea OEP16 are comparable with the channel activity formed by the recombinant source of the protein. Following electrophysiological analysis of OEP16 mutants we found that point mutations and insertion of additional amino acid residues in the region of the putative helix 1 (Glu 73 to Val 91 ) did not change the properties of the OEP16 channel. The only exception was a Cys 71 3 Ser mutation, which led to a loss of the CuCl 2 sensitivity of the channel. Analysis of N-and C-terminal deletion mutants of OEP16 and mutants containing defined shuffled domains indicated that the minimal continuous region of OEP16, which is able to form a channel in liposomes, lies in the first half of the protein between amino acid residues 21 and 93.
The plastid organelle family conducts vital biosynthetic functions in every plant cell. Chloroplasts carry out photosynthesis, which converts atmospheric carbon dioxide to carbohydrates like triosephosphate, starch, and others. These and other biosynthetic pathway products and intermediates are steadily exchanged with the surrounding cell by the assistance of specific carrier proteins, localized in the plastidic inner envelope and solute channels located in the chloroplast outer envelope. Although the inner envelope transport proteins, such as the triosephosphate/phosphate translocator, the dicarboxylate translocator, and the hexose phosphate translocator, show distinct substrate selectivity and specificity (1), it is not known to what extent transport through the outer membrane channels is selective and regulated. In particular, the number of different channels present in the outer membrane has not been determined.
In mitochondria, a single anion selective channel with high conductance (VDAC) 1 has been discovered and extensively characterized at a molecular level (2) . A second protein with high homology to the VDAC channel has also been identified (3) . The VDAC channel formed by a 30-kDa protein with presumed ␤-sheet topology (4) is thought to be responsible for most of the metabolite flux across the outer mitochondrial membrane (5) .
In Gram-negative bacteria, however, several different types of high conductance channels exist in the outer membrane (6): (i) So-called porins, forming water-filled pores that allow the downhill diffusion of solutes, provided that the size of the solutes does not exceed the exclusion limit (ϳ600 Da) of the channel pore, e.g. OmpF (7) . Modulation of some of these channels by ATP and other effectors has been reported, which questions their classification as generally open diffusion pores (8, 9) . (ii) Porin-like channels, e.g. LamB from Escherichia coli carrying specific sites that facilitate selective diffusion processes (10) . (iii) Ligand-gated pores, e.g. E. coli ferric enterobactin channels (FePA) providing energy-dependent uptake of iron into bacteria (11) . The ancestral relation between mitochondria and plastids with Gram-negative bacteria (12) suggests the presence of multiple channel proteins in the chloroplast outer membrane.
In pea chloroplast outer membranes, four channel proteins have been identified and functionally characterized so far. In addition to the preprotein-conducting channel originating from a prokaryotic ancestor (13, 14) , three distinct solute channels have been discovered and characterized. They were named according to their location (outer envelope protein) and their molecular weight OEP16, OEP21, and OEP24 (15) (16) (17) . The channel characteristics of OEP24 closely resemble those described for general diffusion pores (6) . Although slightly cationselective, the channel allows the passage of triosephosphates, ATP, PP i , dicarboxylate, and positively or negatively charged amino acids in a reconstituted system (17) . OEP24 can functionally replace the yeast mitochondrial VDAC in VDAC-deficient yeast mutants (18) . OEP21 has been shown to form an anion channel, which is regulated by ATP and triosephosphates from the intramembrane space (16) . In contrast, OEP16 forms a cation-selective high conductance channel with a remarkable permeability for amino acids and amines (15) . OEP16 shows sequence similarities to components of the protein translocase of the inner mitochondrial membrane, namely Tim17, Tim22, and Tim23 (19 -21) , and to a lesser extent to LivH, an amino acid transporter in E. coli (22) .
Here we describe the characterization of the OEP16 solute channel using a combination of site-directed mutagenesis followed by electrophysiological characterization of the mutant proteins. Our results show that the region spanning from amino acids 21 to 93 of pea OEP16 is sufficient to form a functional solute channel when reconstituted into liposomes.
EXPERIMENTAL PROCEDURES
Purification of OEP16 from Pea Chloroplasts-Outer envelope membranes were isolated from purified pea chloroplasts exactly as described previously (23) . Lipids were removed from the membranes by extraction with ice-cold dimethylketone (80% v/v) followed by centrifugation. The dimethylketone phase was removed, and precipitated proteins were dissolved in HUME buffer (6 M urea, 20 mM Hepes-KOH, pH 7.6, 10 mM ␤-mercaptoethanol, 1 mM EDTA) and applied to a strong anion-exchange matrix (Source 30 Q, Amersham Pharmacia Biotech). The flowthrough fraction, which contained OEP16, was directly applied to a strong cation-exchanger (Mono-S, Amersham Pharmacia Biotech) in HUME buffer. Proteins were eluted from the column matrix by a linear salt gradient (0 -0.5 M NaCl) in HUME buffer.
Construction of Mutant OEP16 -The expression plasmid pETOEP16⌬N which codes for OEP16 with a 20-amino acid N-terminal deletion was generated as follows. The truncated gene product was amplified by polymerase chain reaction (PCR) using cloned cDNAencoding OEP16 (peacOEP16pbsc (15) ) as the template, the gene-specific primer GGGGGGCATATGGGCAATCCATTCC, and the universal vector primer TGACCGGCAGCAAAATG. The amplified gene product was ligated into pET21b.
The expression plasmid pETOEP16⌬C, which codes for a C-terminal truncation of OEP16, was generated using recombinant PCR (24, 25) combined with a two-step cloning strategy. The restriction enzyme site NdeI was introduced into the gene by PCR using the primer GAGTT-TGACHTATGCCTCGTAGCA and universal vector primer and peacOEP16pbsc as the template. The resulting DNA fragment was digested with the restriction enzymes NdeI and XhoI and ligated into likewise digested pET21b yielding pETOEP16. The plasmid pETOEP16 was then digested with BamHI and BpuI1021 to remove the 3Ј portion of the gene encoding the C terminus of OEP16. DNA overhangs of the linearized plasmid containing the partial OEP16 gene were filled by treatment with Klenow fragment and religated to produce pETOEP16⌬C.
We also attempted to assay shorter constructs with longer C-terminal deletions (e.g. deletion of the putative helix 1), but we were not able to obtain recombinant proteins of such short mutants of OEP16 from E. coli.
OEP16-M71C/S-The only cysteine residue in OEP16, located at position 71 in the primary sequence, this residue was changed to a serine by PCR using the T3 primer, GCACCTTCTTTAGAACATCTTC-TTCCAG, and the universal primer, CTGAAGAAGATGTCTAAAGAA-GGTGC, and peacOEP16pbsc was used as the template. The second PCR reaction was performed using the universal primer as above and TGAGTTTGAACCATGGCTCGTAGCAG.
OEP16-4␤-helix 3 and OPE16-helix 3/2/3-pETOEP16 -4␤-helix 3 and pETOEP16-helix 3/2/3 were constructed by recombinant PCR as outlined in Fig. 1 using pETOEP16 as the template and T7 promotor or terminator primer in combination with helix 3/1 sense or helix 3/1 antisense primers as outlined in Fig. 1 (helix 3/1 sense primer 5Ј GCT-GCAATTGCGACAGCTGCAGAATTCATAAATTACCTTACCGAGAG-GATCCGTGGCACCAGGGACTGG 3Ј and helix 3/1 antisense primer 5Ј GAATTCTGCACTGTCGCAATTGCAGCACCTGTAATGGCATCTTT-ACACATCTTCTTCAGAGATTTCTC 3Ј ). The products of both PCR reactions were purified by agarose gel electrophoresis, eluted from the gel, and used for a recombinant PCR reaction (Fig. 1) . DNA was cloned into pET21b. Clones were checked for PCR-induced errors by nucleotide sequencing. Due to a base misincorporation, OEP16-4␤-helix 3 and OEP16-helix 3/2/3 contain an alanine to glycine exchange at position 136.
Purification of Wild Type and Mutant Pea OEP16 from E. coli Inclusion Bodies-Wild type and mutant forms of OEP16 were heterologously expressed in E. coli BL2(DE3) using the pET-vector system (Novagen, Madison, WI). The insoluble recombinant protein was recovered from inclusion bodies as described previously (15) and purified to homogeneity by ion-exchange chromatography as outlined above. The purity of the preparations was determined by silver staining following separation by SDS-polyacrylamide gel electrophoresis (PAGE).
Reconstitution of OEP16 into Small Unilamellar Liposomes-Small unilamellar liposomes were obtained from purified azolectin (Sigma, type IV-S) as described (26) . Purified OEP16 was resuspended in 80 mM Mega-9 (nonanoyl-N-methylglucamide), 6 M urea, 10 mM 4-morpholinepropanesulfonic acid (Mops)/Tris, pH 7.0, mixed with the preformed liposomes, and reconstituted by the dialysis technique (27) . The lipidto-protein ratio was adjusted to approximately 0.4 -0.6 mg of protein/20 mg of lipid/mL.
Electrophysiological Measurements-Planar lipid bilayers were produced using the painting technique (28) . A solution of 50 mg/mL L-␣-azolectin in n-decan was applied to a hole (100-to 200-m diameter) in a Teflon septum, which separated two bath chambers (total volume ϳ3 mL each) that were equipped with magnetic stirrers. The resulting bilayers had a typical capacitance of ϳ0.5 F/cm 2 and a resistance of Ͼ100 G⍀. The noise was about 1 pA (rms) at 5-kHz bandwidth. After a stable bilayer was formed in symmetrical solutions of 20 mM KCl, 10 mM Mops/Tris, pH 7.0, the solution of the cis chamber was changed to asymmetrical concentrations (cis chamber: 250 mM KCl, 10 mM CaCl 2 , 10 mM Mops/Tris, pH 7.0). The liposomes were added to the cis compartment directly below the bilayer through the tip of a micropipette to allow the flow of the liposomes across the bilayer. If necessary, the solution in the cis chamber was stirred to promote fusion. After fusion, the electrolytes were changed to the final composition by perfusion. The Ag/AgCl electrodes were connected to the chambers through 2 M KClagar bridges. The electrode of the trans compartment was directly connected to the headstage of a current amplifier (EPC 7, List Medical). Reported membrane potentials refer to the trans compartment. The amplified currents were digitized at a sampling interval of 0.2 ms and fed into a Digidata1200 analog to digital converter (Axon Instruments, Foster City, CA) and then stored on the hard disc of an IBM-compatible PC. For analysis, Windows-based analysis software (single channel investigation program (SCIP)) developed in our laboratory was used in combination with Origin 5.0 (Microcal Software Inc.).
RESULTS
Purification of OEP16 from Pea Chloroplasts-OEP16 from pea chloroplast envelope membranes (pea-OEP16) was purified FIG. 1. A, the template DNA from which two distinct DNA products were obtained by PCR, namely PCR products 1 and 2. B and C, the following recombinant PCR resulted in two products owing to the alternative hybridization possibilities, namely, OEP16-helix 3/2/3 and OEP16-4␤-helix 3. D, Hydropathy profile of wtOEP16 with superimposed secondary structure elements for the wtOEP16 and different mutant proteins. The hydropathy profile was calculated using the SciProt TM 2.0 program (SciVision, Lexington, MA). Secondary structure prediction was performed according to Ref. 46 , and by the PHD sec program (47, 48) . Arrows, ␤-strands; cylinders, ␣-helices.
in denatured form (see "Experimental Procedures"). The precipitated proteins of the chloroplast outer membrane were dissolved in 6 M urea, 20 mM Hepes/KOH buffer (pH 7.6) and applied to a strong anion-exchange matrix. The flow-through fraction was then directly applied to a strong cation exchanger (Fig. 2, A and B) . Proteins were eluted from the cation-exchange matrix by a linear NaCl gradient (0 -0.5 M NaCl). OEP16 eluted at approximately 100 mM NaCl (Fig. 2B ) and was essentially pure as determined by silver staining following separation by SDS-PAGE (Fig. 2C) .
Reconstitution of the Different OEP16 Derivatives-OEP16 purified from pea chloroplasts as well as wild type and mutant OEP16 isolated from E. coli were reconstituted using a modified dialysis technique as described in detail elsewhere (15) . The refolding of the denatured proteins was achieved by dilution of the protein into a lipid/detergent mixture with subsequent removal of the detergent by dialysis. Typically, 1-10% of the proteins were restored to a functional state (15, 17, 27) .
Electrophysiological Properties of Native and Recombinant Pea OEP16 -In order to confirm that purified wild type pea OEP16 expressed in E. coli retains similar functional properties to OEP16 isolated from its natural source, the outer envelope of pea chloroplast, we investigated the basic channel properties of both proteins.
After reconstitution of purified native pea OEP16 (pea-OEP16) into liposomes and fusion of the resulting proteoliposomes with planar lipid bilayers, single channel currents could be observed at positive and negative membrane potentials (Fig.  3A) . The current voltage relation of the open single channel conductance was linear (Fig. 3C ) with a slope conductance of ⌳ ϭ 220 Ϯ 8 pS in asymmetrical buffer of 250 mM/20 mM KCl.
The reversal potential of the pea-OEP16 channel at this 12.5:1 concentration gradient of KCl was E rev ϭ ϩ47 mV (Fig.  3B , E K ϩ ϭ ϩ64 mV, E Cl Ϫ ϭ Ϫ64 mV). Conversion of this value by the constant field approach (Goldman-Hodgkin-Katz equation) yielded a permeability ratio of P K ϩ/P Cl Ϫ Х 13:1. This value stands in good agreement with the value for the recombinant protein (E rev ϭ ϩ48 mV (29) ) and the conductance is in the same order of magnitude as that of the recombinant OEP16 channel (250 Ϯ 30 pS in 250 mM/20 mM KCl (29)).
In addition, the overall open probability of the pea-OEP16 channel at different membrane voltages corresponds well with the value determined for the recombinant protein (15) as pea-OEP16 channels likewise started to close at membrane potentials above 80 mV (Fig. 3B) . CuCl 2 , which has been shown to cross-link two cysteines in the oligomeric wtOEP16 (15) and to block the current through wtOEP16 (see Fig. 4A ), also closed most of the pea-OEP16 channels in a bilayer. About 94% of the current was blocked (Fig. 3D) .
These results show that the basic channel properties of the purified pea-OEP16 and those of the recombinant wtOEP16 are very similar. This demonstrates that the reconstitution of the recombinant protein is a suitable approach to examine the principle functional properties of these membrane solute channels.
Channel Properties of the Different OEP16 Mutants-The diagram in Fig. 1D illustrates the different block mutations introduced into the primary sequence of OEP16, whereas the point mutations are listed in Table I . In the following we describe the basic channel properties of these mutant proteins after purification and reconstitution. Tables I and II summarize the effects the different mutations in the primary sequence of OEP16 have on its channel properties.
OEP16 Point Mutants-As shown in Table I , the only observed change in the basic channel properties of OEP16 was the loss of the CuCl 2 sensitivity caused by the Cys (Fig. 4 Fig. 1D ). The recombinant mutant proteins were reconstituted, and their channel properties were investigated. As observed for the point mutations, no significant changes in the basic channel properties of the two deletion mutants were detected (Table II) . This is shown in Fig. 5A in a typical current recording from a bilayer containing six ⌬C mutant protein channels. As observed for the wild type recombinant protein, the channels started to close when a holding potential of V h ϭ ϩ175 mV was applied. The slope conductance of the ⌬C mutant channel obtained from Fig.  5B (⌳ ϭ 315 Ϯ 25 pS in symmetrical 250 mM KCl) was close to that of the wild type protein (⌳ ϭ 330 Ϯ 30 pS) under identical ionic conditions. Therefore, the common sequence motif from amino acids 21 through 93 of OEP16 is responsible for the formation of the solute channel.
Shuffling of OEP16 Sequence Blocks-In order to determine which regions of OEP16 are directly involved in the formation of the OEP16 channel we constructed mutant proteins in which the location of complete sequence blocks was changed.
First, putative helix 3 (amino acids 128 -146; see Fig. 1D ) was inserted into position of amino acids 73-91, thus substituting putative helix 1 (amino acids 73-91) (see Fig. 1B ). This mutant protein is referred to as OEP16-helix 3/2/3. Second, we constructed a deletion mutant in which putative helix 1 was substituted by putative helix 3 (see Fig. 1, C and D) , and the remaining C-terminal portion of the protein was deleted. This mutant protein will subsequently be referred to as OEP16-4␤-helix 3. Both mutant proteins formed voltage-dependent channels after reconstitution into liposomes. Representative channel characteristics for OEP16-4␤-helix 3 and OEP16-helix 3/2/3 are shown in Fig. 6 (A-D and E-F, respectively) .
Similar to the wtOEP channel, OEP16-4␤-helix 3 and OEP16-
FIG. 2. Purification protocol of OEP16 from isolated pea chloroplast outer envelope membranes.
A, envelope membrane lipids were removed by acetone, and the proteins were dissolved in 8 M urea and passed over a strong anion-exchange resin. Proteins were eluted with a linear gradient of 0 -500 mM NaCl, followed by a step of 1 M NaCl. OEP16 was recovered in the flow-through fraction and directly applied to a strong cation-exchange matrix. B, elution of OEP16 was then achieved by a salt gradient, 0 -500 mM NaCl. C, protein profile of pea outer envelope membranes (OE), the flow-through fraction of the anion-exchange resin (A) and the cation-exchange resin (B). A silver-stained SDS-PAGE is shown. helix 3/2/3 channels closed when higher positive or negative membrane potentials were applied (Fig. 6, A and E) . However, strong flickering of the channel formed by OEP16-4␤-helix 3 is apparent especially at positive membrane potentials (Fig. 6A) .
The reversal potential at a 12.5-fold KCl gradient was E rev ϭ ϩ45 mV showing that the OEP16-4␤-helix 3 channel reveals, similar to the channel formed by the wild type protein, a remarkable selectivity for cations over anions (P K ϩ/P Cl Ϫ Х 12: 1). The reversal potential of OEP16-helix 3/2/3 was nearly identical (E rev ϭ ϩ43 mV; P K ϩ/P Cl Ϫ Х 12.5:1, see Fig. 6F ). The current voltage relationship of both mutants was linear in symmetrical solutions. The slope conductance in symmetrical 250 mM KCl was ⌳ ϭ 360 Ϯ 15 pS for OEP16-4␤-helix 3 (see Table II ) and 384 Ϯ 17 pS for OEP16-helix 3/2/3 (Table II, Fig.   6F ). These values as well as the conductance values at asymmetrical conditions (see Table II ) are similar to those determined for the wild type recombinant protein. Moreover, both mutants were blocked by CuCl 2 similar to wtOEP16 as shown in Fig. 6D for the OEP16-4␤-helix 3 channel.
DISCUSSION
OEP16 belongs to a class of proteins located in the chloroplastic outer envelope membrane. These proteins, namely OEP14, OEP16, OEP21, and OEP24 (15-17, 18, 30) do not show significant overall homology to other prokaryotic and eukaryotic proteins. However, OEP16 contains a sequence block of about 50 amino acids that is homologous to regions of the mitochondrial protein translocation components Tim17, Tim22, and Tim23 and FIG. 3 . Electrophysiological characterization of OEP16 purified from pea. Buffer conditions in Fig. 3 , A-D, were asymmetrical (cis chamber: 250 mM KCl, 10 mM Mops/Tris, pH 7; trans chamber: 20 mM KCl, 10 mM Mops/Tris, pH 7). A, the first and second traces are from a bilayer containing one active pea-OEP16 channel at membrane potentials of Ϫ70 and ϩ160 mV. The third trace demonstrates the sequential closure of pea-OEP16 channels at higher voltages (Ϫ120 mV). This bilayer contains three active copies of OEP16 with buffer conditions as described above. B, current-voltage relationship obtained from a bilayer containing multiple copies of pea-OEP16 after a voltage sweep (⌬U ϭ 10 mV/s) from 0 to Ϫ130 mV and from 0 to ϩ150 mV. The zero potential is E rev ϭ ϩ47 mV, whereas the theoretical Nernst potential for 100% selectivity for cations is E K ϩ ϭ ϩ64 mV. C, current-voltage relationship of the single open channel (average of three independent bilayers, with standard errors of the means Ͻ5%). The line represents the linear regression of the data with a slope conductance of ⌳ ϭ 220 Ϯ 8 pS for a single channel. D, current trace of a bilayer containing several active copies of pea-OEP16 before and after addition of 10 mM CuCl 2 to the cis chamber. After stirring, a drastic reduction of the current through the pea-OEP16 channels could be observed.
to a lesser extent to the amino acid permease LivH of E. coli (22) .
Within the chloroplast OEP family there are also sequence block similarities that might be important, although their functional significance remains to be established. At present we know that the common property of the chloroplast OEPs is their ability to form large but selective solute pores in vitro. Considering their location in the outer chloroplast membrane and their principle function as solute pores, the OEP proteins are functionally analogous to the outer membrane porins. However, because the OEPs lack sequence homology to porins perhaps they form a membrane pore with a new type of topology.
The porins that mediate the uptake of nutrients across the outer membrane of Gram-negative bacteria constitute the family of the so-called ␤-barrel pores (31, 32) .
These ␤-barrel proteins reveal a primary sequence without long hydrophobic stretches and form rather stable hydrogenbonded ␤-barrel pores. In contrast, the secondary structure prediction of OEP16 and the CD spectra of the reconstituted protein indicate that the proteins contains both ␤-barrel and ␣-helical elements (15) .
In addition, cross-linking experiments indicate that a dimer of OEP16 is the minimal unit that forms the pore (15), whereas porins reveal trimeric functional units, the monomers of which each constitute a single ␤-barrel pore (31, 32) . Therefore, we expect that the topology of OEP16 is quite distinct from the known ␤-barrel structure of classical porins. 6 . Electrophysiological characteristics of the mutant forms OEP16-4␤-helix 3 and OEP16-helix 3/2/3. A, current traces from a bilayer containing several copies of OEP16-4␤-helix 3 at different voltages as indicated. Channels closed after application of higher positive or negative potentials. Asymmetrical buffer conditions were applied (cis chamber: 250 mM KCl, 10 mM Mops/Tris, pH 7; trans chamber: 20 mM KCl, 10 mM Mops/Tris, pH 7). B, current-voltage relationship of a single channel with 250 mM KCl, 10 mM Mops/Tris, pH 7, on both sides of the membrane. The line represents the linear regression of the data with a slope conductance of ⌳ ϭ 360 Ϯ 15 pS. C, current through several OEP16-4␤-helix 3 channels in response to a voltage sweep from 0 to Ϫ150 mV and from 0 to ϩ180 mV (⌬U ϭ 10 mV/s) under the same asymmetrical buffer conditions as in A. The zero potential is at E rev ϭ ϩ45 mV. D, recordings from a bilayer containing more than 70 active copies of OEP16-4␤-helix 3 in symmetrical buffer (cis/trans: 250 mM KCl, 10 mM Mops/Tris, pH 7) before and after addition of 10 mM CuCl 2 to the cis and trans compartment. Response to a voltage sweep from 0 to Ϫ100 mV and from 0 to ϩ100 mV (⌬U ϭ 10 mV/s) is shown. Recording after addition of CuCl 2 is marked with an arrow. A drastic reduction of the current could be observed when CuCl 2 was added. E, current traces from a bilayer with two active copies of OEP16-helix 3/2/3 at different voltages as indicated under asymmetrical buffer conditions (cis: 250 mM KCl, 10 mM Mops/Tris, pH 7; trans: 20 mM KCl, 10 mM Mops/Tris, pH 7). F, current-voltage relationship of a single OEP16-helix 3/2/3 channel under the same asymmetrical buffer conditions as in E. The slope conductance derived from a linear fit is ⌳ ϭ 247 pS. The zero potential is at ϩ41 mV.
In this report we demonstrate that OEP16 purified from the outer membrane of pea chloroplasts and recombinant pea OEP16 purified from E. coli reveal identical channel properties following reconstitution. Thus, recombinant OEP16 is a convenient source of the protein for electrophysiological studies, because it is functionally active following reconstitution and can be easily produced in large quantities. We then attempted to identify the minimal segment of OEP16 that is still able to form the characteristic OEP16 channel. Starting from the fulllength recombinant protein (wtOEP16), different mutant proteins were constructed and subsequently analyzed for channel activity. Our results, summarized in Table I , show that point mutations that should at least in part disrupt helical structures in putative helix 1 (amino acids 73-91) have no detectable effect on the basic channel properties of the reconstituted mutant proteins. The lack of channel blocking by CuCl 2 in the Cys 77 3 Ser mutant protein confirms our interpretation that this block was mainly due to the oxidation of proximate thiol groups (15) .
The results obtained for the OEP16-derived peptides show that the minimal unit, which is still able to form a solute channel, extends from amino acids 22 through 93 (see Table II , Fig. 1D ). This peptide contains two putative ␤-sheets and one ␣-helical element. The ␣-helical segment may either be constituted by the amino acid sequence blocks of the putative helix 1 (amino acids 73-91) or helix 3 (amino acids 128 -146) of wild type OEP16 (see Fig. 1D ).
A pore formed by a mixture of strands and helical segments seems unlikely, because such a mixed structure of ␣/␤-folds has as yet not been observed. Although both structural elements may be present in a channel protein, the actual pore is formed by only one of them (33) (34) (35) . Because the minimal unit that was still able to form the OEP16 pore contained only one putative helix but two ␤-strands, it is likely that the OEP16 pore is formed by ␤-sheets. This is confirmed by the symmetrical voltage dependence exhibited by both the wtOEP16 and the mutant proteins. This voltage dependence of the open probability is also a characteristic feature of other reconstituted ␤-barrel pores like porins (36, 37) , ␤-CFTs (␤-barrel channel forming toxins) (38) and of the protein-translocation pores in the outer membranes of chloroplasts and mitochondria (26, 27) . It seems that this voltage dependence is not generated by special structures in the pore lumen, and it is consequently considered to be an intrinsic feature of the ␤-barrel (39) . Thus the presence of this voltage dependence confirms that both the wtOEP16 and the mutant proteins constitute pores consisting of ␤-strands.
But how many ␤-strands constitute the channel? Porins typically consist of 16 -18 ␤-strands per monomer (7, 40) . But there exists also a small family of porins, namely OmpA, OprF, and Omp21, that consist of merely eight ␤-strands and also differ from classical porins by being functional as monomers (41) (42) (43) . The estimated pore diameter of, e.g. OprF, is ϳ2 nm (42), thus proving that eight ␤-strands are sufficient to generate a large pore. Taking this, and geometrical considerations, into account, we assume that the minimal number of ␤-strands in the functional OEP16 channel has to be eight. Provided that all of the four putative ␤-strands of a OEP16 monomer are involved in pore formation, a dimer would be sufficient to form the functional unit. This suggestion is corroborated by the fact that a homodimer is a stable unit found in nonreducing SDS-PAGE of the native OEP16 isolated from pea (15) .
On the other hand, the minimal unit of OEP16 as defined in this study consists of only one pair of ␤-strands, suggesting a different scenario. One may speculate that only two of the four putative ␤-strands of wtOEP16 are required for pore formation, thus implying that the functional unit of the wtOEP16 is a tetramer. Then the pore formation by the mutant proteins could proceed comparable to that of the wtOEP16 thus requiring four copies of the minimal OEP16 unit.
The correct re-assemblage of a ␤-barrel protein from smaller fragments has already been demonstrated with two complementary split variants of OmpA (44) . Furthermore, it has been shown previously that a simple hydrophobic hexapeptide readily forms oligomeric ␤-sheets in membranes, thus indicating a remarkable facility of the process (45) . From these findings we propose that the remaining ␤-strand pair of the minimal OEP16 unit is able to assemble into the eight-stranded solute channel.
